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Figure 1 is a schematic of a coincidence laser spectrometer according to 
embodiments of the present invention. 

Figure 2 is a schematic of a multi-detector head according to embodiments of 
the present invention. 
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ANALYTICAL INSTRUMENT 



This invention relates to a novel analytical instrument, and to novel methods of 
meajsming, inter alia, low coacemrations of stable and radioisotopes and/or low 
5 abmdance isotopes. 

The determination of radionuclides at environmental levels using classical 
radiometric counting is well established and likely to remain the method of choice for 
short half-life species. However, innovations in analytical instrumentation in the last 
10 ten years have the potential to replace radiometric counting for a wide range of longer 
half-life species. 

Elemental and isotopic analysis has advanced significantly with the introduction of 
plasma source mass aperir&metry, A variety of plasmas have been used as ionization 
15 sources, e.g.> glow discharges, microwave induced plasmas, but the inductively 
coupled plasma (ICP) is the most widely accepted, and de facte, the preferred ion 
source for atomic mass spectrometry. The inductively coupled ptasana is compatible 
with solid, liquid or gaseous sample introduction and is a robust and efficient 
ionization source for atomic mass spectrometry. 

20 

For some potential applications of plasma mass source spectrometry, e*g.> 
environmental and biomedical monitoring of radioisotopes, current techniques may 
not possess the required detection limits or selectivity. Classical radiometric 
techniques may provide the required detection limits, but do so at the expense of 

25 protracted count times and extensive sample preparation and clean-up. For example, 
within a plutonium Hoassay program, current radiometric methods offer detection 
limits of 500 ^Bq per litre, but require 1-2 days of sample preparation and 
radiometric count times of, e.g., four days with a-spectrometry and up to 28 days for 
ct-track counting* There is a requirement to develop plasma source mass spectrometry 

30 to provide enhanced selectivity and improved detection linjits without sacrificing the 
inherent flexibility, rapidity and robustness of the technique. 
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Use iristrument of the invention is designed to measure isotopes at extremely low 
concentrations and isotopes of very low abundance. An example of this would be the 

5 ultra low level determination of the radionuclides. The increasing interest in Hie 
behaviour of radionuclides in -the biosphere requires that new methods be developed 
that have detection limits equivalent ta, or better than, that of the existing techniques, 
but combine this with superior speed and a reduced cost of analysis. Improvements 
in speed are essential to enable wider screening, plant and event manag ement and to 

10 monitor illicit uses of nuclear materials. The recent OSPAR agreement has 
committed fee UK to real reductions m levels of liquid effluent discharges. For 
marry radionuclides, conventional radiochemical analysis will limit the ability to 
demonstrate that such reductions have been achieved. 

15 To achieve the aim of improved detection limits in plasma source mass spectrometry, 
the factors that limit the selectivity and sensitivity of indnctrvely coupled plasma 
mass spectrometry (ICF-M5) were considered. The hwtrumental detection limits 
available from ICP-MS are, in most cases, limited by Hie background count and not 
the magnitude of the analytical signal derived from the ions of interest The 

20 background is derived broadly from three distinct sources: 

1, A non-specific instrumental background. 

2. Interferences from atomic or molecular ions of the same nominal mass to charge 
25 ratio, consequent upon insufficient mass spectral resolution. Examples of these 

"isc-baric" interferences include atomic ions such as; 241 Am + , M1 !Pu + ; w Sr*, ^Zr ; 
sS Te\ "Mo*; 4fl Ca, 40 Ar, W4 Pb + , 3n *Hg + or molecular ions such as a W, aw W; 
WO*, ^e^Ar^cr, 75 As + 
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3, Isotopes of different nominal masses but present at high relative abundances, 
consequent upon instrfficieai abundance seasihMty. For example, ^r, ^Sr, 90 Sr; 
*Fe\*Fe + . 

5 These observatioiis are the key to the development of instrumentation with, the 
superior detection limits required for dctftmiiriation of radionuclides at background 
environmental and biomedical concentrations by ICP-MS techniques. 



A comparison of alternative techniques to plasma source mass spectrometry suggests 
10 that resonance ionisation mass spectrometry (RIMS) offers similar or better absolute 
detection limits than achieved with current generation ICP-MS instruments, e.g. 
about 4 x 10 6 atoms for ^Pu. The singular advantage of RIMS over, for example, 
ICP-MS, is tie greater isotopio selectivity derived from the laser induced iomsatkm 
process. However, the prior chemical separation, though less d e mandin g than that 
15 required by radio-chemical methods, is nevertheless time consuming and requires 
specific recovery of the element, deposition onto a Ta foil and overplaring with TL 
Accelerator mass spectrometry (AMS) offers absolute detection power of the order of 
10* atoms, Selectivity is achieved through the use of high energy dissociation of 
molecular ions and avoidance of isobars through negative ion o^scrimmatioii. 
20 Improved detection limits are obtained by high energy counting to discriminate 
against detector background. High abundance sensitivity is achieved by acceleration 
to high potentials thus mfotmiTrng- the relative ion energy spread. However, AMS 
involves large, complex and costly instrumentation. Sample preparation is complex 
and time coiisnraing, requiring preparation of the element in a pure form. For these 
25 reasons. AMS is restricted to highly specialized roles and cannot at this time be 
considered as a laboratory scale or general purpose instrument 

Thus, we have now developed an analytical instrument and an anaiyUcal approach 
ihat overcomes or mitigates the problems with conventionally known mstraments 
30 and techniqnes. As a technology demonstration, this new device is based upon an 
ICP-MS instrument, but is equally applicable to other forms of plasma mass 
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spectrometry. Indeed, the mige of applications includes all forms of atomic mass 
spectrometry and molecular mass spectrometry, This instrumentation also provides a 
flexible platform for spectroscopic studies of atoms and molecules to de termine 
ftodameafcal parameters. 

Thus according to feME^es^^-w-J^ 

Coupled Plasma Source Mass Spectrometer equipped with a mtilti-dimrosional 
detector system wherein ions transmitted by the xxulss 

spectrometer are detected with 

high selectivity. 

Xbe instrument is provided preferably with detectors which are based upon specific 
detection of transmitted ions, e.g. via optical spectroscopy. The device is in 
principle, an ICP-MS instrument operatmg in a multi-dimension^ detection mode 
and including the following: 

A conventional non-specific ion detection device. 

- A device based upon optical spectroscopy to provide highly selective and 
specific detection of ions transmitted by the mass spectrometer. 

The dateetor device based upon optical spectroscopy provides: 

- A high resolution detection system, which in exjunction *flth conventional 
mass spectrometry, is capable of resolving ions of interest ftom interfering 
molecular ions of similar nominal mass to charge ratio. 

A high resolution spectroscopy system, which w conjunction with 
conventional spectrometry, is capable of resolving ions of interest from 
atomic ions of similar nominal mass to charge ratio* 
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- A high, resolution spectroscopy system, which in conjunction with 
conventional mass specfromstry, provides very high afatmdance sensttivify. 

Operation of the two detection systems as a single integrated coincidence detector 
5 that provides; 

- Background const rates that are orders of magnitude lower than those 
obtained if the individual detection systems were used a$ isolated* individual 
detectors. 

10 

The descriptive term for this approach is Inductively Coupled Plasma Mass 
Spectrometry Coincidence Laser Spectroscopy (ICP*MS"CLS), 

Thus, according to a preferred feature of the invention, vre provide an 1CF- MS-CLS 
15 instalment We especially provide an ICP-MS-CLS instrument with a com>«niionai 
non-specific ion detection device and a device based on optical spectroscopy as 
hereinbefore defined. 

The instrument of the invention supplements the universal ion counting detector -with 
20 one that has a high degree of species selectivity. The use of a detector based on 
resonance scattering from the ions to be detected, e.g u laser induced fluorescence 
(UF) 3 provides vastly inxproved selectivity thereby removing fhc problem of isobaric 
interferences derived from either atomic or molecular ions* Additionally, by 
operating the optical detector in time conelation mfh a second detector, background 
25 count rates can b« reduced by several orders of magnitude. 

The instrumentation takes advantage of improved detector technology to achieve very 
high spatial and temporal resolution in the optical spectroscopy, This allows 
coincidence detection from single photons. This capability is important in that it 
30 allows the detection of ions in which there is a high probability of trapping in a 
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metastable state. Ions in metastable states are transparent to the exciting laser and 
thus the overall photon multiplicity from these ions is low. 

To allow for efficient interaction between the laser and ion beam, the ion beam must 
5 be defined accurately in space and be focussed to approximately the beam diameter 
of the laser. An imaging spectrometer provides an ideal solution and a sector mass 
spectrometer is one such device. A commercial, double focussing, sector ICP-MS 
provides the basic platform for development of ICP-MS-CLS. 

10 A key feature of this instrument is the manipulation of the ion energies. To couple 
efficiently the energy from the laser into the ion to be detected, the optical 
bandwidths have to be matched. For example, an ion beam of energy of 5000 ± 2.5 
eV, has a Doppler spread of about 100 MHz for an ion of mass = 240. This is in 
excess of the natural line width which is off the order of 15 MHz. The ion energies 

15 were manipulated by two devices. The first involves the introduction of a 
collision/reaction cell to act as an ion bridge between the sampler/skimmer plasma 
interface and the mass spectrometer. This thermalises the ions and reduces their 
energy spread to less than 1 eV. Additionally, it enables selective gas phase 
chemistry to dissociate interfering molecular ions. The second method involves 

20 acceleration of the ions to compress the optical bandwidth of the ions to be detected. 
For example, an ion beam of mass 240 but with a 40 000 ± 5 e V energy range has a 
corresponding Doppler spread of about 37 MHz. In practice, by using a 
collision/reaction cell, lower standing voltages, e.g., 10kV, can be employed. 
Assuming an ion energy spread of, e.g., 1 eV, at 10 kV, the Doppler spread is about 

25 15 MHz which approximates natural line widths. 

Programmed acceleration of the ions within the optical detector is important and 
ensures that the ions to be detected come into resonance with the exciting laser 
within the detection volume of the optical detector. This prevents optical trapping of 
30 the ions prior to their arrival in the detection volume of the optical detector. 



6 



wofio/siwo 



PCT/GBGQ/00577 



The abundance sensitivity of the spectaamater can be improved by three methods: 
- Where the anafyte exhibits an isotope shift, the ion of interest can be brought 
into resonance selectively. 

Selective excitation of o&e hypeifine branch of an ion of interest can also be 
5 used to increase the selectivity of the mass spectrometer. 

Many iocs do not exhibit an isotope shift that can be resolved optically, but 
acceleration of the ions induces an isotope shift by Doppler shifting the 
resonant frequency of the low abundant ion away from the interfering major 
isotope. 

10 

Where optical trapping of the ions of interest becomes significant, this may be 
addressed via the use of two-colour excitation schemes in which the metastabte state 
is in resonance with one of the laser frequencies. To provide maximum flexibility 
and elemental coverage, a two-colour CW laser system was employed, A twin laser 
15 system allows a variety of excitation schemes to be used, combining single color, two 
color, multiphoton excitation arid* combinations thereof 

A multi-slit assembly was included in the instrumentation for simultaneous detection 
of major isotopes, to be monitored via conventional detectors, to allow isotope redo 
20 measurements. This will also provide reference beams so that the perfomiance of the 
sample introduction system and ICP ion source can be monitoied continuously and 
optimized. 

The invention will now be illustrated, but in no way limited, with reference to the 
25 following examples and the accompanying drawings, in ^i&cK 

figure 1 is a schematic representation of a Coincidence Laser Spectrometer, 

and 

figure 2 is a schematic representation ox a mniti-dexector head including a 
detector based upon a Coincidence Laser Spectrometer* 

30 
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Referring to figure 1, a coincidence laser spectrometer (1) comprises an optical 
defector (2) coupled to a voltage programmer flight tube (3), which tub© fe provided 
mtfc a laser system (4) and a non-specific ion detector (DI). Charged beam steering 
optics (5) are situated adjacent to an exit port from the flight tube. The apparatus 
5 may be provided with beam dumping means (6) adjacent to spectrometer exjt sHt$ 

CO. 

Referring to figure 2, a spectrometer assembly (8) comprises a mnM-alit assembly (9) 
coupled to conventional ion-detectors (10 and 11) and a coincidence laser 
10 spectrometer (12) (as defined by figure 1), 

Verification of Instrument Performance - Determination of Low Abundance 
15 Isotopes, e*g. 10 Be 

The operating characteristics of the system were established via an established CLS 
transition, e.g.. the Be (ID line at 313 am which is ieadily accessible to a CW tunable 
laser. Beryllium is an important element hi its ovm right and its high mass isotope 

20 ( 1Q Be) is an important geochronometer- It is produced by nuclear spallation of oxygen 
by cosmic rays and reaches an eqirilibrinni concentration in surface quartz of about 2 
x 10 7 atoms per g" 1 . An isobarlc mterference with l0 B exists, but this can be wsolved 
in the optical detector. A reasonable measurement of IQ Be was made by processing of 
a 5g solution after removal of the major matrix elements. Other cosmogenio isotope? 

25 that might be amenable to detection include those of K, Cs, Ca, Mel, Ni, Pd, Al and 
the lanthanides depending on identifying suitable spectroscopic transitions. 

Example 2 

30 Itetermination of Pn in Urine for Bioassay Purposes, 
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As aliquot of mine was spiked with a Pu tracer, processed to remove the bulk of the 
matrix mi yielded a final sample volume of 1 cm 2 . This sample was analyzed by 
ICP-MS-CLS using a low flow sample introduction system. The isotope ratios of 
^^Pu, ^^Pu, M0 Pu with respect to the tracer isotope wore estimated The tracer 
5 isotope was monitored on a conventional detector whilst the isotopes of interest were 
determined using CLS detection, Isobaric interferences from, for example, m \f, 
^Wrf, 5w Pb 35 Cl\ 241 Am, were resolved optically in the CLS detector. A complete 
chemical separation of Pu from the matrix was not required and a simple, rapid, 
group separation of the actfoides yielded a sample suitable for analysts by ICP-MS- 
10 CLS. 

Example 3 

Determination of Fundamental Nuclear Parameter? 

15 

Optical isotope shifts and fine structure can be used to probe nuclei for the purpose of 
deriving fundamental nuclear data. The ICP-MS-CLS instrumentation allows the 
precise measurement of optical isotope shifts using the voltage programming 
facilities to bring isotopes into resonance selectively with the tuneable lass? operating 
20 in frequency locked mode, 

30 
35 
40 
45 
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CLAIMS 

L An instrument comprising an Inductively Coaled Plasma Source Mass 
Spectrometer equipped with a multi-dimensional detector system wherein ions 
5 transmitted by the mass spectrometer are detected with, High selectivity. 

2. An instrument according to claim I wherein the multidimensional detector 
system comprises a plurality of sub-systems which provide a. unitary response. 

10 3. An instrument according to claim 2 wherein the multi-dixucaisioxLal detector 
system comprises two sub-systems. 

4, An instrument according to claim 3 wherein the sub-systems comprise a 
specific detpctor and a non-specific detector. 

15 

5* An instniment according to claim 3 therein the two rob-sys&snis of the rmitti- 
dimensional detector system are correlated temporally with high resolution, 

6. An instrument according to claim 5 thai provides co-incidence detection of 
20 transmitted ions, 

7. An instrument according to claim 4 wherein the specific detector is based on 
optical spectrometry. 

25 8, Ac instrument according to claim 7 wherein the specific detection of the 
transmitted ions is via resonance scattering processes* 

9, An instrument according to claim 8 wherein the specific detection of the 
transmitted ions is via laser induced fluorescence, 

30 
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\Q m An instrument according to claim 8 provided with, means for collecting and 
detecting resonantly scattered photons efficiently. 

11. An instrument according to claim 8 provided with means for the detection of 
5 the resonantly scattered photons with high temporal and spatial resolution 

12. An instrument according to claim 11 wherein the detection of resonantly 
scattered photons is via an imaging photomultiplier tube, 

10 13. An instrument according to claim 4 wherein the second detector is a non- 
specific ion counting device. 

14. An instrument according to claim 13 wherein the non-specific ion counting 
device is an electron multiplier. 

15 

15. An instrument according to claim 1 provided with means for maculating the 
mean ion energy thereby reducing the relative spread of the ion beams energies. 

16. An instrument according to claim 15 Wherein the relative spread of ion beam 
20 energies mzy be manipulated to compress the optical bandwidth of the transmitted 

ions. 

17. An instrument according to claim 15 provided with means for accelerating or 
decelerating the transmitted ion beam to manipulate the average ion beam energy and 

25 consequently tie relative spread of ion beam energies. 

18- An instrument according to claim 1 wherein a front-end coffision/rRictian cell 
is used to reduce the spread of the ion beam energies and compress the optical 
bandwidth of the transmitted ions. 
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1 9, An instrument according to claim 1 provided with, means for manipulating the 
ion beam energies to bring the traEismitted ion beam into resonance within the 
detection volume of the optical detector. 

5 20. An instrument according to claim 1 9 provided with means for accelerating or 
decelerating the ion beam, 

21. An instrument according to claim 7 wherein the ion beam is accelerated to 
induce an optical isotope shift by Doppler shifting. 

10 

22. An instrument according to claim 1 wherein a multiple exit slit assembly is 
incorporated. 

23. An instrument according to claim 22 wherein the dual detector assembly is 
1 5 mounted upon the multiple slit assembly 

24. An instrument according to claim 23 wherein the duaJ detector assembly is 
mounted upon the axial exit slit 

20 25. Au instrument according to claim 22 wherein additional non-specific ion 
detectors are mounted upon the multiple exit slit assembly. 

26. An instrument according to claim 25 wherein additional non-specific ion 
detectors ore mounted upon the off-axis exit slits. 

25 

27. An instrument according to claim 26 wherein the non-specific ion detectors 
are electron multiplier devices. 

28. A method for detecting and quantifying low exsncsatrstions of Sable and/or 
30 radioisotopes and/or low abundance isotopes which comprises analysing a sample m 

am instrument according to claim 1 * 
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29. A method according to claim 28 wherein the species being detected is a 
radionuclide. 

5 30, A method according to claim 28 wherein selectivity is enhanced by specific 
optical detection of transmitted ions. 

31. A method according to claim 28 wherein selectivity is enhanced by specific 
isotonic selection via optical isotope shifts. 

10 

32* A method according to claim 28 wherein selectivity is enhanced by imfyi ^g 
an optical isotope shift by acceleration of the transmitted ions with subsequent 

15 33. A method according to claim 28 wherein selectivity is enhanced by optical 
probing of hyperfme splitting, 

34. A method according to claim 28 wherein non-specific background is reduced 
by co-incidence detection of transmitted ions with subsequent improved detection 

20 limit, 

35. An instrument substantially as described with reference the accompanying 
examples and drawings. 

25 
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jg[ was filed on February IS, 2000 as PCT Jhteanafional Application No. PCT/GBOO/00577. 

I hereby state that I have reviewed and understand the contents of the above-identified 
specification, including the claims, as amended by any amendment referred to above. 

I acknowledge the duty to disclose information which is material to patentability as defined in 
Title 37 Code of Federal Regulations, §1.56. 

I hereby claim foreign priority benefits under Title 35 3 United States Code, § 1 19(a)-(d) or 
§ 365(b) of any foreign application^) for patent or inventor's certificate, or § 365(a) of any 
PCT International application which designated at least one country other than the United 
States of America, listed below and have also identified below any foreign application for 
patent or inventor's certificate, or of any PCT International application having a fifing date 
before that of the application on which priority is claimed. 



9904289.7 


GB 


February 25, 1999 


EBJ Yes □ Nc J 


Number 


Cmratry 


MM/DD/YYYY Filed 


Priority Claimed | 








□ Yes □ No 


Number 


Country 


MM£)D/YYYY Filed 


Priority CJaimed 








□ Yes □ No 


Number 


Coimny 


MM/X>D/YYYY Filed 


Priority Claimed 
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I hereby claim the benefit under Title 35, United States Code, § 1 19(e) of aoy United States 
provisional applications) listed below. 



None 




j Application Numbers) 








j Application Numbers) 


: 

Fifeg Pate (MM/DD/YYYY) j 



I hereby claim the benefit undo: Title 35, United States Code, § 120 of any United States 
apphcation(s) or § 365(c) of any PCT international application designating the United States 
of America, listed below and, insofar as the subject matter of each of the claims of this 
application is not disclosed in the prior United States or PCT Intentional ^plication(s) in 
the manner provided by the first paragraph of Title 35, United States Code, § 1 12, 1 
acknowledge the duty to disclose information which is material to patentability as defined in 
Title 37, Code of Federal Regulations, § 1 .56 which became available between the filing date 
of the prior application and the national or PCT international filing date of this application 
(37 C JJL § 1.63(d)). 



PCT/GBOO/00577 


18 February 2000 


Published 


Appln. Serial No* 


filing Date 


Status 

Pateated/P efldmg/Abandoned 








Applnu Serial No. 




Status 

Palerrted/Pe»dm§/Ab3ndoncd 








Appln. Serial No. 


Filing Date 


Status 

Patented/Pcndrng/Abandoned 



Thereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, orboth, under Section 1001 of Title IS of the United 
States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 
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POWER. OF ATTORNEY; As a named investor, I hereby appoint the following registered 
attorneys) to prosecute this application and transact all business m the Patent and Trademark 
Office connected therewith, I also appoint the foflowing registered attorney^) to represent 
me before all competent International Authorities in connection with any and all international 
applications filed by toe with an appropriate receiving office claiming priority to the UJS- 
application, I also appoint the following registered attorney^) to make or receive payment on 
my behalf in connection with the filing of such international applications. 

Customer Number 20792 



Send correspondence to: 



Direct telephone calls to: 
Facsimile: 



Julie H. Richardson, 
Myers Biged Sibley & Sajovec 
Post Offic e Box 3742 8 
Rgld^_NC 27627 '__ 

JnlieH. Richardson 
(919) 854-1400 

(919) 85^1401 



FW1 name of (first/sole) inventor: FhflKp Stephen G oodafl 



Inventor's 
Signature: 



Residence: 

Qtizenship: 

Post Office Address: 




ate: 0^j\^/0\ 
Cambria, Great Britain 
Great Britain 

do British Nuclear Fnels pic, 
Sellafield, Seascale 
Cambria CA20 IPG 
Great Britain 
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FtiD tiame of second inventor: Bany Leonard Sharp 
Inventors 
Signature:, 



Residence; 
Citizenship: 
Post Office Address: 



L^este^re^ Great Britain 
Great Britain 

c/o Loughborough University 
Department of Chemistry 
Loughboron^i 
Leicestershire LEI 1 3TU 
Great Britain 
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